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QRGANll^ OF 
N,N' 3,4^9>10 PERYLENE TETRACARBOXYLIC DHMIDE 

This noa piovisioiu|va{>p]icatioii is a cmiveraon of provisi(mal patent appfication mmiber 
60/288,692 filed 5/4y20(i^ 

FIEm OF THE IhrVET#ION 

^P^^The inventio]! isi^ the field of the plastic drcuitiy and coii:^>0]ieiits bemg en^loyed in 
/aectronic tedmolog^ : and ia particular to devices containing N,N' 3,4,9,10 perjdene 
tetracarbo^Q^c diimMe s^inicondactor materials sudi devices as organic thin film transistors. 

BACKGROUND OF TIJg.JDNryEOT 

The thin film tfiansistor when made of organic materials is e^qpected to become a key 
con^onent of the plasd^ drciiitry in di^lay drivers of portable conq)uters and pagers, and 
memory elements of tiflpsaction cards and identification tags, wiiere ease of fabrication, 
mechanical flexibility, and^poderate operating temperatures are important con^derations. 

At the present ^tate of the art there are circuitry situations such as with compHmmtary 
circuitry vdiere properti^ unavailable in the presot organic semiconductor materials such as the 
ability to m^art localliz^^ n and p conductivity would be beneficial Only a limited number of 
materials have been developed thus far m the art for the n-type conq)onfflt of organic 
complementary circuitry. T^ is a need in the art for sinq;)lified organic thin fihn transistor 
technology that provides J^e^ electron mobility. 
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SUMMARY OF THE INVENTION 



Through the invention, improved mobilities and current on/oflF ratios, hereinafter called 
on/off ratios, in organic thin film transistor devices, are achieved. In the invention, an n-channel 
semiconducting fihn of a fused*-ring tetracarboxylic diimide compound based on a perylene 
framework is employed that exhibits a field eflFect electron mobility that is greater than 0.6 
cmWs in the fihn form which in turn also 

provides device on/off ratios in the range of at least 10000. The n-channel semiconductor 

Q 

Q compounds of the invention do not require treatment of device contact electrodes in order to 
obtain high mobilities and in processing they possess significant volatility that vapor phase 

sits 

Si d^oation, where deared, is available. 

m 
m 

f BRIEF DESCRIPTION OF THE DRAWINGS 

fU 

Figures 1 and 2 are cross sectional views of N,N' 3,4,9,10 perylene tetracarboxylic diimide 
semiconductor material organic thin fihn transistors, wherein m Fig.l a bottom contact 
configuration is illustrated and in Fig. 2 a top contact configuration is illustrated. 



Figure 3 is a diagrammatic depiction of the chemical structure of a fiised-ring 
tetracarboxylic diimide compound based on a perylene fi^amework used in the thin film of the 
invention such as the N,N' 3,4,9,10 perylene tetracarboxylic acid diimide that is illustrated. 



Figure 4 is a graph illustrating nonlinearity resulting from contact imperfections in the 
devices of Figs. 1 and 2. 



Figure 5 is a graph illustrating the high mobility values achieved through the invention. 
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Figure 6 is a graph illustrating the high on/off ratios achievable with the invention. 



DESCRIPTION OF THE INVENTION 

Referring to Figures 1 and 2 . The illustrated devices are cross sectional views of typical 
organic thin film transistors, wherein in Fig. 1 a bottom contact configuration is illustrated and in 
Fig. 2 a top contact configuration is illustrated. 

An organic TFT is shown in Figs 1&2. The each TFT contains a source electrode 10, a drain 
electrode 12, a gate electrode 14, a gate dielectric 16, a substrate 18, and the semiconductor 
material of the invention, N,N' 3,4,9,10 perylene tetracarboTC/lic add diimide, labelled element 20. 

When the TFT operates in an accumulation mode, the charges injected fi*om the source 10 
into the semiconductor are mobile and conduct the source-drain channel current, mainly in a thin 
channel region within about 100 Angstroms of the semiconductor-dielectric interface. See A. 
Dodabalapur, L. Torsi, H. E. Katz, Science 1995, 268, 270. In the configuration of Fig. 1, the 
charge need only be injected laterally fi-om the source 10 to form the channel In the absence of a 
gate field, the channel ideally has few charge carriers, as a result there is ideally no source-drain 
conduction. The off current is defined as the current flowing between the source electrode 10 and 
the drain electrode 12 when charge has not been intentionally injected into the channel by the 
application of a gate voltage, and for an accumulation mode TFT, this occurs for a gate-source 
voltage more positive, assuming a p-channel, or negative assuming an n-channel than a certain 
voltage known as the threshold voltage. See Sze in Semiconductor Devices - Physics and 
Technology, John Wiley & Sons (1981), pages 438 - 443. The on current is defined as the 
current flowing between the source 10 and the drain 12 when charge carriers have been 
accumulated intentionally in the channel by application of an appropriate voltage to the gate 
electrode, and the chaimel is 




YOR920010283US2 f 

4 

condnctmg. For a p-di^^ iu;cinniilat«ni-iiiode TFT, tiiis occurs at a gat&-soufce voltage more 
n^ative than the thrra^id voltage, and for an n-channel aconnulation mode TFT, this occurs at 
gate-source voltage nM^e poative thaa the thres3ioM voftage. It is dearable for this tiirediold 
voltage to be zero, or ^jhtfy positive, for n-chaimell operation. Switdiing between on and oflf is 
accomplished by the api^^^ition and r«movd of an 

the gate didectiic 16 to||e semicondactop-didectric inteifice, efifectiveiy diaigmg a capadtor. 

Ckgmiic semicollpctcars provide Ae switdung and/or logi© elements m such TFTs. 
|.i> Significant progress has^iiNBett mde in ti^ 

p weU above 0.01 cmW^|wid on/off ratios greater than 1000 demonstxated fi»r several dasses of 
Jj^^ compounds, inchiding (||c!apoands capable of operation m air. mh these properties, TFTs are 
M capable of use for applii^bns such as pixel drivers for displays and identification tags. However 

Eli -S:' - ' 

most of die conqpound^lMuinting these desnable properties are p^type, meamng that negative 
J gate voltages, relative source voltage, are applied to induce positive diarges (holes) in the 
fij channel region of the d©|ce. Yet, one important type of TFT drcuit, known as a complementary 
J [ circuit, desfffflbly contaii^ an n-type semiconductor material exhibiting dearable properties, m 
O addition to a p-type sea^onductor material See Dodabakpur et al in "Con^lemaitaiy drcuits 
with organic transistorSi|i4fipi The fiteication of comptemaitary 
circuits requires at le^! one p-channel TFT and at least one n-channd TFT, whae the 
termmology n-diannd iipcates that positive gate voltages, rdative to the source voltage, are 
appHed to induce ttegat||^ diaiges into the duumd region of the device. In particular; sfanple 
components sudi as Barters have been reahzed usmg complemontary drcuit ardiitecture. 
Advantages of con^len^iitary drcuits, rebtive to ordinary TFT circuits, indude lower poww 
diss^ation, hrngsx li&tiii^ and bettw tolerance of noise, ft is often deiinible to have dte mobifity 
and on/off ratio of an n-^mnd device to be of sfanibr magnitude as the mobility and on/off ratio 
of the p>channd dev^. Hybrid complementary circuits using an inorganic n-channd 
semiconductor are knowB| jjs reflected m Dodabahipur et al Appl. Phys. Lett 1995, 68, 2264.). 
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but for ease of fabrication, an organic n-channel semiconductor material is desired. 

Only a limited number of materials have been developed for the n-type component of such 
organic complementary circuits. Specifically, buckminsterfiillerene C60 exhibits a mobility of 0.08 
cmWs but is considered to be unstable in air. See R. C. Haddon, A. S. Perel, R. C. Morris, T. T. 
M. Palstra, A. F. Hebard and R. M Fleming, "Ceo Thin Film Transistors," Appl Phys. Lett. 1995, 
67^ 121. Perfluorinated copper phthalocyanine has a mobility of 0.03 cmWs, and is generally 
stable to air operation yet substrates must be heated to temperatures above 100 in order to 
maximize the mobility in this material. See "New Air-Stable n-Channel Organic Thin Film 
Transistors," Z. Bao, A. J. Lovinger, and J. Brown J. Am. Chem, Soc. 1998, 120, 207. Other 
n*channel semiconductors, including some based on a naphthalene firamework, have also been 
reported, but with lower mobilities. See Laquindanum et al., "n-Channel Organic Transistor 
Materials Based on Naphthalene Frameworks," X Am. Chem, Soc. U996, 118, 11331. One such 
naphthalene-based n-channel semiconductor, tetracyanonaphthoquino-dimethane (TCNNQD), is 
capable of operation in air, but the material has displayed a low on/off ratio and is also difficult to 
prepare and purify. More recently, it has been demonstrated that tetracarboxylic diimides based on 
a naphthalene firework provide n-channel organic semiconductors with mobilities > 0.1 cmWs 
using top-contact configured devices where the source and drain electrodes are on top of the 
semiconductor as is illustrated in Fig. 2. Comparable results could be obtained with bottom 
contact devices, that is where the source and drain electrodes are underneath the semiconductor 
as illustrated in Fig. 1, but a thiol underlayer had to be applied between the electrodes which had 
to be gold and the semiconductor. See Katz et al. ""Naphthalenetetracarboxylic Dihnide-Based 
n-Channel Transistor Semiconductors: Structural Variation and Thiol-Enhanced Gold Contacts" 
J. Am. Chem. Soc. 2000 722, 7787, and "A Soluble and Air-stable Organic Semiconductor with 
High Electron Mobility"* Nature 200(0) 404, 478, and Katz et al., European Patent Application 
EF 104 1653. In the absence of the thiol imderlayer, the mobility was found to be orders of 
magnitude lower in bottom-contact devices. 
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Recoit work by Schon et aL, demonstrate tliat bi^ carrier mobilities can be obtained in 
single oystals of p^lene. See Scbdn et aL '"Pezylene: A promising organic field-effect transistor 
niaterial'!/4/:p^A Pkys. Lett. 2000, 77, 3776. Relatively high mobilities have been measured in fihns 
of peiylene tetracaibox^c diimides having hnear alkyl ade chains umig pialse-radiodysis 
time-resolved microwave conductivity measurements. See Struck et aL 'liquid Crystalline 
Per3Aene Diimides: Architecture and Charge Carrier Mobilities" J. Am. Chem. Soc. Vol. 2000, 
122y 1 10S7. However, mitial devices based on materials having a peiylene firamework used as the 
organic semiconductor led to devices with low mobilities^ for exanq>le lE-5 cnf A/s for pex^iene 
tetracaifoo^Q^c dianhydride (PTCDA) and l.SE-S cm^A^s for N,N'-dq)hen34 pecylene 
tetracarboTgtic add diimide (PTCDI-PIl See Horowitz et aL in ""lEvidence for n-Type Conduction 
in a Perjdene Tetracarbo?gdic Djhnide Daivative'Mrfv. Mater. 1996, 5, 242 and Ostrick, etsL J. 
Appl Phys. 1997, 81, 6804. 

M accordance with the invention the advantages offered by conqplementary TFT circuits in 
iT^ch botii the p-type and tiie n-type con^c^ent have conq>arable electrical performance 
characteristics^ uq>roved organic n-channel materials^ and in particular, organic n-channel 
materials that e^diibit high performance in bottomrcontact configuration without the need for 
chemical underiayers are achieved tiirou^ the use of an n*channel semiconductmg fihn of a 
peiylene tetraca]i)Oxyiic acid dihmde conq)ound in fiised ring form. Such compound is 
dq>ositable onto substrates by vacuum sublhmtion. 
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The iaventinn pro^ a device con^^ 
N,!** 3,4,9,10 per^eae t«^cartioxylic add dfimide, having higji mobility and on/off ratio. The 
iKhannd seniiconductingfta comprises a fiised-ring tetracaiboj^c diimide compoiind based on 
a peiykne feauoeworic, oihe type ilhistnrted in Figure 3, that exhibits a Md eflfect dectron 
mobility greater thm 0.6 ^A^kfihnfbim The inobiffies exhibited with Aeinvrndon in the 
range of0.01-a6cM^A^s^ the thus & reported fin^nrchanndi^^ M addition, 

the iwAannd fihn of tljitvention is capable of providing onA>flf ratios of at least 10000, 
advantageous^ at least liilMW, v^ 

and a diain-source volt§5 between zero and 100 vdts, the on current measured wilh a 
gate-source voltage of §0 V and a dram-source voltage between zeio and 100 vdts, not 
exceeding the drain-sour^ voltage used for measuring the off current, and eii¥%mg « Sat« 
didectricwithacapaciti^ of6.9xlO* FTcbl The compounds involved in the invention have 
the cj^aWBty of possessi^ sigoifioant volatility, sudi that viq)or phase d^osition, where desired, 
is readily adiieved. In %nces, mdividual transistors, implementation mto a complemartaiy 
circuits, such as mverteriraiits, are a<^^ 

of the invention with a§ avaflable p-type organic saniconductor, sudi as pentacene. The 
compounds are also capj^ of possessing significant volatility, sudi that vapor phase dqiosition, 
as a procesang tool beco^s readily adiievable. 

The contemp%d compounds of the invention would hichide perjdene 3,4,9,10 
tetracajboxyfic add diifies, and hetetocydic variants tiiereof One advantageous groi^ of 
compounds is N.N'-petj^ 3A9.10-tetracarboxylic add dihmdes with Hnear duiins of four to 
18 saturated atoms. g*a^%caibon atoms, affixed to eadi of the two i^^ The 
n-dumnd semiccmductc&ompounds of die invention oflfer advantages over other previously 
reported iwdiamid compmds as they do not re(p^ 
in order to obtam the d^jed higji mobilities. 



YOR920010283US2 

8 

The invention provides a device comprising an inq)roved n-channel semiconducting film, 
the £9m comprising a peiylene tetracarbo?Q^c add diimide confound vMxk exhibits a field effect 
electron mobility greater than 0.01 cnf A^s. Advantageous, the mobility is greater than 0.6 
cai?/Vs. In addition, the n-channel fifan of the invention is capable of providing on/off ratios of at 
least 10000, advantageously at least 100000. Moreover, these properties are attainable after 
e>q)osure of the n-type semiconductor material to air, before film deposition, as well as e^osiire 
of the device and/or the diannel layer to air after deposition. 

The confounds of the invention take into account several parametm that contribute to 
desu-able properties. The solid state structure of the material has the mdividual molecules packed 
^ch that the oibitals of the conjugated system, those containing the aromatic rings and/or the 
imide caibonyl groups of adjacent molecules, are able to interact, resulting in high mobility. The 
direction of this intmction has a con^onmt parallel to the direction of desired current flow in a 
device u^ng this material as the active layer. The morphology of the films formed by the material 
is substantia^ contnmous^ such that current flows diroug^i the material widiout unacceptable 
interruption. In particular, the conq^ounds of the invention contain a conjugated core structure 
having two or more fused aromatic rings along with electron withdrawing dicarboxylic imide 
substituents bearing linear alkyl chains. 

The lowest lymg unoccupied molecular orbital of the coiqpound is at an energy that allows 
for injection of electrons at usefiil voltages fi^om metals with reasonable work fimctions. This 
conjugated structure graerally has a desirable lowest unocciq)ied molecular orbital (LUMO) 
energy level of about 3.5 to about 4.6 eV with reference to the vacuum energy level As known 
in the art, LUMO energy level and reduction potential approximately describe the same 
characteristics of a material LUMO energy level values are measured with reference to the 
vacuum energy level, and reduction potential values are measured m solution versus a standard 
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dectrode. Am advantage fbK device ap^caticms is AatAeLU^^ 

the condttctiwi band of flie sendcondiictar and the dectron aflBnity of the soM both aie measured 
with reference to Hie vaowm level TTie ktt« parametas are usualty msKsA from the firaner 
parameters which are obtained from sohidon. 

Hie aromatic cores liiould not be so large that the compounds become difficult to process 
from sohition, therefore iMtaining less than 8 fi^ 

and the cyclic imide groins are comited is desirable. Peiylene 3,4,9.10 tetracaiboxyHc add 
diiimdes, and in particular the N,N'.dioctyi pe^me^3,4,9,lQ-t^caAoiq/&c add dSmMe 
derivativeareconsideredtobeparticularlyusefai The molecules are substituted with groups that 
allow for dose packing of conjugated cores, and that induce assembfy of the confounds into 
iflrinfihnswillnwropriate molecular oiientatiott and bulk moiphology as evidmced by Ac hi^ 
carrier mdWBty measured, linear diains having a length of four to dgjiteen atoms are typM^ 
usefiil, with diains of 8 atoms bdngparticuhiifyusefiiL 

ft is advantageous to avoid substituaits that tmd to interfere with close approach of Ae 
coigugated cores, ft is passible fi>r substituents to be oriented out of Ae plane of the cores but 
still not mterfere with dose appioadi if suitable staddng geometries are possible, ft is also 
possible that properly selected substituents tiiat will promote this deared dose j^proadL M 
addition, chains longer than twdve atoms are possible, but tend to lower the sotaWlity and/or 
voliitiility of the cosqpounds. 

Ihe invention provides the a^aWBty of forming an nrtype semiccmductor confound having 
both a mobility Aat is greater than 0.6 cm?A^s and a substantial on/off ratio. 

Then-channdsmiconductor jfflmsofN,N' 3,4,9,10 peiylene tetnicaiboxylic add diimide, 
capable of bdng formed on any suitable insulator as known in the art. Exan?)les of 
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such msuktors include silicon dioxide, polymeric insulators such as pol^^des, and silicon nitride, 
M2O3, and insulators that ediftit a higher dielectric constant such as is discussed in U S Patmt 
5981970. A variety of gate and electrode materials^ known in the art, are also suitable, including 
metals, degenerate^ doped semiconductors^ conducting polymers^ and printable materials such as 
carbon ink or silver-epo?^. 

Deposition by a rapid sublimation method is also possible. One such metiiod is to appfy a 
vacuum of 35 mtorr to a chamber containing a substrate and a source vessel that holds the 
confound in powdered form, and heat the vessel ova several minutes until the confound 
p subfimes onto the substrate. Genera%, the most usefiil compounds form well ordered iShns, with 
amorphous films being less useful Devices for tiie n*diannel semiconductor films of the 
I invention are usefid include single thin film transistors (l'Fl')s and complemmtary inverter 
m circuits. Other devices in which TFTs are useiSil, such as ring oscillators, and more conq)lex 
^ circuits^ e.g., shift registers, are also possible. The invention will be fiirther clarified by the 
III following exanq>les, which are mtoided to be exen^lary. 

frais 

^"'^ The syntiiesis of N,N'-d]a]&3d perylme tetracaibo:^c add diimides has been described m 

'Haderoacher, A et al Chem. Ber. 1982 7/5, 2927. In accordance with the invention, a mkture 
of perylene tetracarbo?Q^lic acid dianhydride, v^ch is available fi'om Aldrich Chemical Company, 
3-4 equivalmts excess of an amine, for exanqple n-ocQlamine, also available firom Aldrich, zmc 
acetate in catalytic amounts, and 10-15 ml of quinoline per gram of dianhydride molLemk was 
heated over 4-5 hours at a ten^erature of ca. 220 X. The mixture is allowed to cool to room 
temperature, stir overnight, and the precq)itated solids are collected, filtered and washed with 
acetone, followed by 200 ml each of boiling 0.1 M aqueous NajCOa, boiling water, and warm 
toluene, that is kept below the temperature at which the product would be substantially dissolved. 
The final product may then be isolated by so?dilet extraction in toluene over a period of 2-4 days. 
The soh^ent is then evaporated, and the material is dried at 100 Xmvacu^ Thesolid 
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is then purified by sublim^on at 10-5 to 10-6 torr. 

A vapor phase-d^sited TFT would for an example, be deposited and tested as follows, 
A heavily doped silicon sii^stxate coated with 5000 Angstroms of SiOz and 600 Angstroms thick 
gold electrodes is loaded into a vacuum sublimation apparatus equipped with a water cooled 
substrate holder, and a flboa of a perylene tetracarboxylic acid diimide compound is evaporated 
onto the substrate (25-3S|prorr), generally about 500-5000 Angstroms thick 

The electrica||d)aracteristics of TFT's of the invention having an n-type organic 
semiconductor as the cli^nnd layer of N,N' perylrae-3,4,9,10 tetracarboxylic acid diimide, a 
heavily doped Si-wafer as the gate electrode, thermally grown Si02 on the surface of the Si-wafer 
as the gate msulator, an^Asa source and drain electrodes, are adequately modeled by standard 
field effect transistor equiipns such as advanced in the S. M. Sze text "Physics of Semiconductor 
Devices", Wiley, New If^rk, 1981, pg. 442. Mobilities and on/off nttios are determined in the 
saturation r^ion (see S^i in Semiconductor Devices - Physics and Technology, John Wil^ & 
Sons (1981) fi-om devices; of channel width to length ratios larger than 10, scanning a range of 
2m) to 100 volts for theiprte-source voltage, while keeping the drain-source voltage constant at 
100 V. Mobilities and|on/off ratios are also det^mined m the linear region (see Sze in 
Semiconductor Devices physics and Technology, John Wiley & Sons (1981) firan devices of 
channel width to length i^ps larger than of about 10 to 20, scanning a range of zero to 100 voUs 
for the dram-source volti^e, while keeping the gate-source voltage constant and then repeating 
the whole process for a; diff«'ent constant gate-source voltage. The drain-source voltage is 
changed in a stepwise fas^m from 100 V to approximately OV, at a step of -10 V. 

Example 1: 



For N,N' perylene^3,4,9,10 tetracarbojtylic acid diimide, the mobility calculated in 



YOR920010283US2 

12 

the saturation region was between 0.1 and 0.6 cmWs, with an on/off ratio of 10000 to 100000 
the gate voltage being scanned from 100 to 0 V, with measurment under a nitrogen atmosphere. 
Hie devices are exposed to ah: prior to testing. 

The invention provides an inq)rovement over the present state of the art where contact 
inq)erfections are conddered to be detrimental to device mobility. 

h^^ in Figures 4 and 5 data on a device is iUustrated that has a N,N' peryi»e 3,4,9,10 

PI tetracaibox^c add diimide as the semiconducting layer, a heavify doped Si wafer as gate 

electrode, a 500 nm thick, thermaify grown SiQz layer as the gate msulator, and Aa source and 
drain electrodes deposited on the gate insulator corre^onding to the bottom contact 

[II 

m configuration that is depicted m Figure 1. The channel length L of this device is 95 ^and the 
[, channel width Wis 1500 urn. 

fll 

f:.b The graph of Hgure 4 sbov^ the dependence of the current flowmg between source and 

drain electrodes (Id) on the voltage applied to the drain electrode (Vd), at discrete voltages 
applied to the gate electrode (Vo). A non finearity is observed at low VD,which can be attributed 
to contact inq>erfections. 

Ill the graph of Fig 5 the mobility measured in the linear reg^e, from the plot of lb vs Vo 

at V]r=20 V is substantial^ lower tilian the mobility calculated in tilie saturation regune for die 
same device. Such behavior is true for all the devices of similar configuration and conq)osition. 
For the device diaracterized by the data in the graphs of Figures 4 and 5 the calculated mobility 
from the linear region was 0.015 cn^ V*^ sec'\ 



The graph of Figure 6 corresponds to test data on a device having the mvention material 
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N,N' peryleae 3,4,9,10 tetracarbox>dic acid diimide as the semiconducting layer, a heavily doped 
Si wafer as gate electrode^ a 500 nm thicklayer of thermally grown Si02 as gate insulator, and Au 
source and drain electrodes deposited on the gate insulator which corre^onds to the bottom 
contact configuration as depicted in Figure L The channel length L of this device is 95 ^m and 
the channelwidth Wis 1000 lun. 

Figure 6 i^ows the dq>endence of login on Vo (left y-axis) in the saturation region^ v^en 
Vtr^lOO V. The field effect mobility, fi, was calculated firom the slope of the (Id)^ vs. Vg plot 

C3 

□ (right y-axis) to be 0.23 cm? V"* sec * m the saturation region. The on/off ratio was 3.5x10* and 
'% the direshold voltage Vt =80 V. Mobilities up to 0.6 cnP V'* sec"* were measured fi-om amOar 
devices in the saturation region wdiich are the hi^est reported for n-channel materials, e.g., in the 
ll range of 0.01-0.6 cmWs with on/off ratios of at least 10000. 

s 

!::' 

f^^ What has been described is the use of N,N' peiyloie 3,4,9,10 tetracaibo^^ic add dnmide in thin 
film form in a semiconductor device to inq)rove mobility and on/off ratios. 

Ira? 



